Abstract. Economic analyses compared the returns of weed control methods for drip and sprinkler irrigated celery (Apium graveolens L. 'Sonora'). The nine treatments included an untreated control, cultivation as needed for weed control, a pre-emergent herbicide (trifluralin), and six post-emergent herbicides. The effect of each treatment on weed control, yield, crop value, cost of control, costs for additional hand-weeding, net return, and dollar investment (marginal rate of return) was determined. The treatments that reduced weed populations under drip and sprinkler irrigation also increased yield, net returns, and rate of returns. Effective weed control reduced the additional costs of handhoeing the weeds not killed by herbicides, resulting in greater net return. The net returns of weed control were even greater when celery was drip irrigated than when sprinklers were used. In 1998, the sprinkler irrigated field returned $1148 to $3921/ha, compared with -$5984 for the untreated control. Net returns for drip irrigation were much higher, ranging from $3904 to $9187/ha compared with -$8320 for the untreated control. Net returns were also higher in 1999, ranging from $2466 to $5389 when weeds were controlled compared with a net loss of $5710 for the untreated control in the sprinkler irrigated field. The returns on the drip-irrigated field were much higher, from $6481 to $8920 when weeds were controlled, compared with -$8046 for the untreated control. The associated returns for every dollar invested (marginal rate of return) in the nondominated treatment (more return and lower cost) ranged from 52% to 156% for sprinkler irrigation, and 59% to 144% for drip irrigation in 1998. In 1999, the rate of return for each dollar invested ranged from 104% to 324% for sprinkler and 2.4% to 321% for drip irrigated fields.
tive. Because celery transplants compete poorly with weeds, herbicides are important inputs. Herbicides allow transplants to establish a root system and form a canopy that can shade out weeds. Herbicides, assuming they are safe to the crop and effective on common weeds, are also important tools for producing high quality celery. The most commonly used celery herbicides are prometryn, linuron, glyphosate, sethoxydim and trifluralin. Herbicides and date of registration for celery use were as follows: prometryn (1982), linuron (1986), glyphosate (1992) , sethoxydim (1983) , and trifluralin (1998) (U.S. Environmental Protection Agency, 2000) .
While weeds are known to reduce economic value, there are no published cost studies of the value of various weed control methods in celery. This study seeks to compare the efficacy and economic returns of hand-weeding and herbicides for both sprinkler and dripirrigated celery.
Materials and Methods
Experimental planting of fresh-market celery (cv. Sonora) and different weed species were established at the Univ. of California's South Coast Research and Extension Center in Irvine during the winters of 1997 and 1998. Celery was transplanted by hand on 12 Dec. 1997 and 16 Dec. 1998 in double rows spaced 22.5 cm apart. A uniform weed infestation was created with species typical of celery fields. Seed of Italian ryegrass (Lolium perenne L.) and the broadleaf weeds wild mustard [Brassica kaber (D.C.) wheeler], common lambsquarters (Chenopodium album L.), and London rocket (Sisymbrium irio L.) were broadcast across the bed top at the population density of 20 weeds/m 2 . Celery plants and weeds were grown following standard commercial practices.
The experimental design was a randomized complete block with three replications in 1997 and four replications in 1998. Individual plots were 3.3 m wide × 5 m long and consisted of three beds. The experimental plot was divided into two adjacent fields, one irrigated with drip and the other irrigated with sprinkler. Weed control treatments were the same in both fields: hand-weeding, trifluralin-applied just before transplanting (pre-emergence), prometryn or linuron-applied after transplanting (post-emergence), and glyphosate applied post-emergence just after weeds emerged but before transplanting (Table 1) . Post-emergent applications were made on 22 Dec. 1997 and 22 Dec. 1998 . All herbicides were applied with a backpack CO 2 sprayer with 8003 nozzles delivering 185 L of spray solution per hectare.
Both fields were visually rated for weed control and crop injury 2 to 8 weeks after treatment. A visual scale of 0 to 10 was used, where 0 = no weed control and 10 = complete weed control (Table 1) . For crop injury, 0 = no damage to the crop and 10 = death of the celery plant.
Herbicides may kill weeds, partially reduce weed growth, or have no effect on weeds that emerge after post-emergent treatments.
Celery is a cool-season, high-value vegetable that requires intensive management to produce a crop of acceptable quality. The 849,297 metric tons of celery produced in the United States is worth $219,625,000 (USDA, 1999) . California produces 75% of American's celery, followed by Florida and Texas (California Dept. of Food and Agriculture, 1996) . Most of California's celery is grown near the central and southern coast, with smaller acreage in the desert valleys of Coachella and Imperial (Reitz et al., 1999) .
Virtually all California celery plantings are started from transplants. Coastal celery is transplanted from early August to April for harvest from November to mid-July. Sprinkler irrigation is generally used to establish the transplants, followed by sprinkler, furrow, or drip irrigation until harvest. With water costs exceeding $200/ha-meter in coastal California, many growers are shifting to drip irrigation to reduce water costs. From 1.88 to 2.25/hameter (3083 to 3700 m 2 ) of water is used to grow celery using furrow or sprinkler irrigation, compared to 1.28 to 1.51/ha-meter (2096 to 2466 m 2 ) with drip irrigation (Koike et al., 1996) . There is a 67% water savings when drip irrigation is used in place of sprinkler irrigation. At least 30% of celery acreage is now drip irrigated in California. Drip irrigation is the most effective system for estimating the amount of water the crop requires for growth and monitoring the depletion of available water in the crop root zone (Hartz, 2000) . Drip irrigation produces higher marketable yield and reduces costs by reducing foliar pathogen and weed populations (Erik, 1995) . Sprinkler irrigation favors bacterial infiltration and disease development (Little et al., 1997) . However, installation and management costs of drip irrigation could go as high as $227/ha (Mayberry et al., 1995) . Celery is a very high value crop, worth $179,433,000/ha in 1996 (California Dept. of Food and Agriculture, 1996) . Production requires extensive inputs of labor and expendable costs. Environmental stress and pests can readily reduce crop quality and yield, leading to large losses in crop value (Little, 1997) . Weeds can severely reduce yield by direct competition, making it uneconomical to harvest the crop. Integrated weed management practices in celery include early weed removal, pre-plant irrigation, disking to kill weed seedlings, and timing the planting date to reduce weed impact (Koike et al., 1996) . However, cultural controls are seldom completely effec-Partial herbicidal control has a practical economic benefit (return) of reduced labor costs for hand-hoeing. Nevertheless, if no hoeing is done to remove weeds, even herbicide-stunted weeds may be sufficient to reduce crop yields.
Because hand-hoeing is commonly used in combination with herbicide treatments for weed control in celery production, labor costs for hoeing were used as an additional measure of the value of weed treatments. After the visual rating, hand-hoeing was used to remove any weeds remaining in the herbicide-treated plots. Hand-hoeing time and labor were carefully monitored and recorded (Table 2) . Typical labor costs were used to calculate the economic value of each weed control method in terms of hand-hoeing costs and net return from harvested yield (Mayberry et al., 1995) .
Celery was harvested at maturity on 8 May 1998 and 4 May 1999 and sorted into marketable stalks. Marketable yield was used to calculate the net return of all treatments. Thus, net return represented total gross revenues less costs (growing, hand weeding, herbicide/ application, and harvest) and should not be called net profit since net return estimates includes production costs that were common to all treatments. Yield data were subjected to analysis of variance (ANOVA) (treatments and years), and the treatment means were separated by LSD at P ≤ 0.05 (Table 2 ).
An economic comparison of weed control treatments vs. the effect on yield and marginal rate of return was calculated using partial budget ( Fig. 1) , dominance (Table 4) , and marginal analysis (Table 5 ) methods (Centro Internacional de Mejoramiento de Maiz y Trigo, Manual, 1988) . The value of celery yield was calculated based on the 1 June 1998 average of $8.48 for a 27-kg box at the Fresno shipping point (USDA, 1998). The average June pricing was used because daily fresh celery pricing is not reported until 1 June. To simplify our analysis and to see the effect of yield variability within years and treatments, it was assumed that the fresh celery price was the same in 1998 and 1999. Celery production costs were from data compiled by Imperial County Cooperative Extension (Mayberry et al., 1995) that we adapted to reflect our actual costs for different weed control treatments (e.g., labor for hoeing and herbicide application costs). An additional cost was the change in harvest costs as yield varied for each treatment in each year (Table 3) .
Results and Discussion
The 1997-98 experiment will be referred to as 1998 and the 1998-99 growing season as 1999. The ANOVA showed significant (P ≤ 0.05) year, weed control treatment, and irrigation practice (drip or sprinkler) effects on celery yield, but no year × treatment interaction (P = 0.23). There was no visible crop injury from any treatment in either 1998 or 1999. All the weed control treatments had equivalent yields that were over five times that of the non-weeded controls. Wild mustard, London rocket, and Italian ryegrass were the dominant weed species in both the sprin- kler and drip-irrigated fields. Most treatments were slightly less effective in the sprinklerirrigated field. Sprinkler irrigation may increase weed germination and seedling survival by wetting the entire upper soil surface, instead of the narrower, within-row band that is watered in drip irrigation. Prometryn and linuron were the most effective herbicides, providing complete control of most weeds (Table 1) . Sethoxydim was the least effective herbicide, providing partial control of only ryegrass (Table 1) . Trifluralin was the most effective ryegrass herbicide, while glyphosate provided at least partial control of all weed species in both seasons (Table 1) . Combining herbicide applications with hand-hoeing controlled all weed species (Table 2 ) and eliminated yield loss from weed interference ( Table 2 ). Treatments that were most effective at controlling weeds (Table 2 ) also had the lowest hand-hoeing costs (Table 3) . Linuron and prometryn were the most effective in controlling all weed species in both 1998 and 1999 (Table 2 ). The additional costs of hand-hoeing these plots were <$87/ha. The costs of hand-hoeing plots treated with trifluralin, glyphosate, and handweeding were >$177/ha. Glyphosate and hand-weeding only affected weeds that had emerged at the time of treatment, and therefore required additional hand-hoeing to remove weeds that emerged later in the season (Table 2) . Sethoxydim was the least effective herbicide, requiring over 38 hours of labor to hoe all replicates (Table 2) , and incurring labor costs over $1000/ha in both drip and sprinkle irrigated plots (Table 3) .
The 1998 and 1999 experimental data were used in partial budget, dominance and marginal analyses to compare costs vs. returns ( Fig. 1 ) and calculate the rates of return from the returns and costs of moving from each treatment to the next higher (more cost, more return) in weed control (Table 5 ). The highest net return ($9187/ha) and the lowest additional hoeing ($87/ha) cost for 1998 was linuron in the drip irrigated plot (Fig. 1) . This treatment may have increased celery yields by providing better weed control with no crop damage, therefore reducing the additional hoeing cost (Table 3) . Drip irrigated plots returned over $3000/ha for most treatments. Glyphosate and prometryn also produced high net returns ($7917 and $5799/ha) in comparison with trifluralin ($5288/ha) and hand-weeding ($3904/ha). Both nonweeded and sethoxydim had negative returns ($8320 and $2084/ha). The failure of sethoxydim to control wild mustard (Table 1 ) resulted in greater labor costs ($1253/ha) for hand-weeding (Table 3) that resulted in a net loss (Fig. 1) . For the sprinkler irrigated plots, the highest return ($3921/ha, Fig. 1 ) and lowest additional hoeing cost ($87/ha, Table 3) in 1998 was for prometryn. Sprinkler irrigated plots returned over $1000/ha for most treatments. Glyphosate and hand-weeding had high net returns ($2887 and $2298/ha) in comparison with trifluralin ($2028/ha) and linuron ($1148/ ha). The nonweeded control and sethoxydim had negative returns ($5948 and $734/ha), mostly because of high weed populations in the untreated control plots and greater labor costs ($1253/ha) when sethoxydim was used (Table 3) .
Marginal analysis (Table 5 ) ranked the weed control treatments in the 1998 drip irrigated plots by comparing the next higher costs and returns of nondominated treatments from Table 4 . A treatment is nondominated when it produces higher returns than an alternative treatment with lower costs (Bell et al., 2000) . Or for each of these treatments, there is another alternative with a higher net return and lower variable cost. Trifluralin, sethoxydim, and the nonweeded control were removed from the marginal analysis because of lower benefits and higher costs. Prometryn and linuron returned $1.44 and $1.03/ha for every dollar of investment compared with ($0.59/ha) for glyphosate. In drip irrigated celery in 1998, prometryn produced the highest marginal rate (144%) of return on investment. For 1998 sprinkler irrigated celery, glyphosate had the highest return of ($1.56/ (Table 2 ) × $/ha @7836 minus total variable cost. y Total variable cost included growing, hand-weeding, herbicide/application, and harvest cost. x Net return and cost were ranked from highest to lowest. w Marginal return of each treatment was calculated by subtracting from its own net return the net return of the next lower raking treatment. v Marginal costs were calculated in the same manner as the marginal net return. u Marginal rate of return was the result of dividing the marginal net return by its corresponding marginal cost (multiplied by 100 to express a percentage). For example, in 1998 drip irrigated plots using treatment 5 hand-weed as a base, the marginal net return for treatment 3 prometryn was $5799.10 -$3903.64 = $1895.46. Its marginal variable cost was calculated in the same manner. Marginal rate of return for the same treatment 3 was ($1895.26 / $1317.30) * 100 = 144%. In other words, the $1317.30 was invested for prometryn, returned $1317.30 + $1895.46 = $3212.76 more. But using treatment 6 sethoxydim in 1999 sprinkler irrigated celery as a base, the marginal rate of return for adopting linuron treatment 4 was the highest: 323.38%. The lowest ranking treatment has zero marginal returns and costs. ha) for every dollar invested when compared with prometryn ($1.50/ha). The rate of returns from trifluralin were <52%, the same year, so sethoxydim and hand-weeding were dropped from further analysis. Regardless of irrigation systems, higher yields were recorded in 1999 (Table 2) , which resulted in higher returns (Fig. 1) . Sethoxydim, prometryn, glyphosate and linuron returned over $8,500/ha under drip-irrigation. The returns on the hand-weeding and trifluralin were also high (Fig. 1) , and there was a net loss of $8046/ha when no weed control was used. Prometryn ($80/ha) and linuron ($87/ ha) had the lowest additional hand-hoeing costs. The additional hoeing costs for handweeding, trifluralin, or glyphosate treatments in 1999 drip-irrigated celery was >$500/ha. Sethoxydim had the highest hoeing cost ($1096/ha) in 1999. Sethoxydim yield was also higher (5.31 metric tons/ha) in 1999; therefore, the associated net return ($8920) was the highest.
Yield in the sprinkler irrigated field was higher in 1999 than in 1998. Prometryn produced the highest return ($6435/ha) with the lowest labor cost for hand-hoeing ($87/ha) under sprinkler irrigation. Glyphosate and hand-weeding also produced higher net returns in 1999 of $6249/ha for glyphosate and $5389/ha for hand-weeding than for either trifluralin ($4324/ha) or sethoxydim ($2466/ ha). The nonweeded control had a net loss of $5710/ha. The additional weeding cost ($1253/ha) for sethoxydim was higher in comparison with glyphosate, hand-weeding, and trifluralin (Table 3 ). The lower yield of 2.55 metric tons/ha and higher labor weeding cost may have contributed to a decreased net return from sethoxydim in 1999.
In 1999 drip irrigated celery, the marginal analysis ranked prometryn as the most favorable treatment in terms of incremental return and costs with a 321% rate of return. The next highest ranked treatment was linuron, which returned 105% of each dollar invested. The marginal rate of returns in 1999 sprinkler irrigated celery found prometryn, linuron, and sethoxydim as nondominated treatments. Linuron had the highest rate of return (324%), followed by prometryn, with a 104% rate of return.
Overall, the weight of celery harvested in 1999 was much higher than the previous year. Despite high costs of installation and management of a drip irrigation system, dripirrigated celery resulted in significantly higher marketable celery yield than sprinkler irrigation in 1998 and 1999 trials. The net returns for drip were much higher than for sprinkler irrigation. In terms of selecting the best alternative treatment in drip or sprinkler irrigated celery in 1998 or 1999, marginal analysis favored prometryn and linuron with over 100% rate of return on each dollar invested. Prometryn and linuron are the most commonly used herbicides in celery production worldwide (William et al., 2000) . They effectively control most of the young emerged annual weeds common to celery production (Table 1) . Prometryn and linuron also had the lowest additional costs for hand-hoeing of all the weed control practices tested. Reduced labor costs for hand-hoeing made prometryn and linuron the most valuable treatments for weed control in both drip and sprinkler irrigation celery (Fig. 1) . This result indicated that prometryn and linuron are efficient and costeffective herbicides for weed control in both drip and sprinkler irrigated celery, however, drip irrigation was favored over sprinkler irrigation.
